GH therapy improves hippocampal functions mainly via circulating IGF1. However, the roles of local GH and IGF1 expression are not well understood. We investigated whether transgenic (TG) overexpression in the adult brain of bovine GH (bGH) under the control of the glial fibrillary acidic protein (GFAP) promoter affected cellular proliferation and the expression of transcripts known to be induced by systemic GH in the hippocampus. Cellular proliferation was examined by 5-bromo-2 0 -deoxyuridine immunohistochemistry. Quantitative PCR and western blots were performed. Although robustly expressed, bGH-Tg did not increase either cell proliferation or survival. However, bGH-Tg modestly increased Igf1 and Gfap mRNAs, whereas other GH-associated transcripts were unaffected, i.e. the GH receptor (Ghr), IGF1 receptor (Igf1r), 2 0 ,3 0 -cyclic nucleotide 3 0 -phosphodiesterase (Cnp), ionotropic glutamate receptor 2a (Nr2a (Grin2a)), opioid receptor delta (Dor), synapse-associated protein 90/postsynaptic density-95-associated protein (Sapap2 (Dlgap2)), haemoglobin beta (Hbb) and glutamine synthetase (Gs (Glul )). However, IGF1R was correlated with the expression of Dor, Nr2a, Sapap2, Gs and Gfap. In summary, although local bGH expression was robust, it activated local IGF1 very modestly, which is probably the reason for the low response of previous GH-associated response parameters. This would, in turn, indicate that hippocampal GH is less important than endocrine GH. However, as most transcripts were correlated with the expression of IGF1R, there is still a possibility for endogenous circulating or local GH to act via IGF1R signalling. Possible reasons for the relative bio-inactivity of bGH include the bell-shaped dose-response curve and cell-specific expression of bGH.
Introduction
In humans, GH deficiency (GHD) is associated with an impaired quality of life (McGauley 1989 , Bengtsson et al. 1993 , McGauley et al. 1996 , Burman & Deijen 1998 , as well as poor memory and executive functions (Falleti et al. 2006) . GH treatment alleviates these conditions in humans and in experimental animals (Deijen et al. 2005 , Aberg et al. 2006 , Le Greves et al. 2006 , Molitch et al. 2011 . In particular, GH therapy may affect hippocampus-related functions, such as spatial memory, both in humans (Falleti et al. 2006) and in animals (Le Greves et al. 2006) . In the adult rodent brain, systemic GH affects the brain through various mechanisms, including cellular proliferation, neuroprotection and regeneration (Aberg et al. 2006) . Circulating insulin-like growth factor 1 (IGF1) has been proposed to mediate the effects of endocrine GH. Indeed, peripheral treatment with either GH or IGF1 increases hippocampal neurogenesis almost twofold (Aberg et al. 2000 (Aberg et al. , 2010 , and antiserum against IGF1 blocks the increase in hippocampal neurogenesis that occurs after physical exercise (Carro et al. 2001) . These reports support the hypothesis that circulating IGF1, presumably acting via the IGF1 receptor (IGF1R), is the mediator of endocrine GH in relation to hippocampal cell proliferation.
In recent years, local expression of IGF1 and extra-pituitary GH in the brain has come under increased scrutiny. Indeed, the expression of GH mRNA in different parts of the brain has been reported (Donahue et al. 2002 , Sun et al. 2005 , Tang et al. 2011 . In addition, extrapituitary GH protein has been detected in the brains of hypophysectomised rats, which lack circulating GH, implying local synthesis of GH in the brain (Hojvat et al. 1982) . Local extrapituitary GH in the brain appears to be the subject of regulation. For example, it is upregulated when circulating GH is depleted (Hojvat et al. 1982) , in animals with genetic deficiency for GH-IGF1 (Sun et al. 2005 ) and living in a stressful environment (Donahue et al. 2006) . In analogy, IGF1 (D'Ercole et al. 1996 , Folli et al. 1996 and IGF1R (Yan et al. 2011) are expressed locally in diverse areas throughout the brain. Therefore, there is strong evidence of local expression and regulation of both GH and IGF1 in the brain.
While GH treatment of patients and animals with GHD appears to be beneficial (see above), the overexpression of GH may have negative effects. For example, in humans, untreated naïve acromegaly is associated with cognitive impairment (Leon-Carrion et al. 2010) . In mice, both the systemic transgenic (TG) overexpression of bovine GH (bGH) (Soderpalm et al. 1999) and (albeit to a lesser degree) local brain overexpression of GH affect the brain and the body (Bohlooly-Y et al. 2005b) . Specifically, brain-specific bGH overexpression increases body weight and alters (mostly negatively) several cardiac measures of function (Bohlooly-Y et al. 2005a) , as well as increases eating behaviour (Bohlooly-Y et al. 2005b) . Two previous studies using TG models affecting GH signalling in the developing and adult brain have demonstrated an influence on the number of astrocytes in the cerebral cortex (Turnley et al. 2002 , Ransome et al. 2004 . Specifically, disruption of GH signalling, via GH receptor (GHR K/K ), decreased astrocyte numbers and increased neuron numbers (Ransome et al. 2004) , while increasing GH signalling via disrupting the suppressor of cytokine signalling 2 (SOCS2) decreased neuron numbers and presumably increased astrocyte numbers (Turnley et al. 2002) . Neither from these studies nor from our previous studies using glial fibrillary acidic protein (GFAP)-induced bGH-Tg, is it known whether hippocampal function is affected, as hippocampus-related parameters were not investigated.
While there is some evidence that brain bGH overexpression affects the brain and that endogenous expression of local GH can be regulated, there are no reports on whether brain-specific GH can actually induce effects that are normally associated with circulating GH. We hypothesised that overexpression of bGH in the adult hippocampus would elicit a similar response in selected response elements as circulating GH. Secondarily, we hypothesised that these response elements could be associated with the local GH-IGF1 system in the hippocampus. We used a unique model involving Gfap-bGh TG mice to study whether the local overexpression of bGh in the brain influences the adult brain (Bohlooly-Y et al. 2001 ). As it is well known that hippocampus-related behaviours and neurobiology respond to circulating GH, we investigated hippocampal cell turnover by 5-bromo-2 0 -deoxyuridine (BrdU) immunohistochemistry and we measured the expression of hippocampal mRNA in response to local overexpression of GH. In particular, using quantitative PCR (qPCR), we investigated the expression levels of Ghr, Igf1, Igf1r, 2 0 ,3 0 -cyclic nucleotide 3 0 -phosphodiesterase (Cnp), glutamine synthetase (Gs (Glul)), Gfap, opioid receptor delta (Dor), ionotropic glutamate receptor 2a (Nr2a (Grin2a)), synapse-associated protein 90/postsynaptic density-95-associated protein (Sapap2 (Dlgap2)) and haemoglobin beta (Hbb) ( Tables 1 and 2 ). Western blots of the IGF1, IGF1R, mouse GH (mGH), bGH and GFAP proteins were performed to further evaluate how bGH-Tg affected the brain. To gain a better understanding of the components of the GH and IGF1 systems to which these transcripts are linked, correlation matrices were generated for the transcripts.
Materials and Methods

Animals
The experimental procedure for the generation of the bGh TG mice has been reported previously (Bohlooly-Y et al. 2001) . Briefly, the bGh gene was ligated into a plasmid that contained the GFAP promoter. The Gfap-bGh DNA fragment was excised by restriction enzyme SfiI cleavage and microinjected into fertilised C57BL/6J!CBA zygotes to generate the TG mice. The environment of the animal rooms was maintained in a 12 h light:12 h darkness cycle, relative humidity of 45-55% and temperature of 20 8C. The mice had free access to tap water and standard pellet chow (R-34; Lactamin, Vadstena, Sweden).
Eleven male, adult, Wt mice and 12 male, adult, TG mice that overexpressed bGH (bGH-Tg) in the CNS were selected. These animals were from the third back-crossed generation (N3) towards C57/BL. This founder line exhibited the lowest level of bGH expression in the brain with the least systemic effect, compared with previous publications that have described a bGH-Tg strain from another founder line. The latter animals exhibited significant increases in body weight, serum bGH and serum IGF1 (Bohlooly-Y et al. 2001 (Bohlooly-Y et al. , 2005a , probably due to leakage of bGH from the brain into the circulation. As we wanted to study the local expression of bGH in the brain, we used a founder line without significant effects on body weight or serum IGF1. The animals in both groups were 6 months old at the start of the experiment. For the labelling of mitotic cells, all mice received an i.p. injection of BrdU (50 mg/kg freshly dissolved in sterile water; Boehringer Mannheim, Mannheim, Germany), once per day for 5 days. After the injection of BrdU, mice were killed on day 1 (i.e. at 6 months of age) and day 30 (i.e. at 7 months of age) to evaluate cellular proliferation and survival over time respectively. For the mRNA expression analysis by qPCR, data from the two time points were pooled. The mice were killed by decapitation. Body weights, total brain weights and hippocampal weights were recorded. This study was performed with the approval of the Ethics Committee for Animal Experimentation of the University of Gothenburg, Sweden.
Serum IGF1 analysis
Serum was collected after decapitation of the mice. The IGF1 concentration in the serum was determined by RIA (Nicols Institute Diagnostics, San Juan Capistrano, CA, USA) after acid-ethanol extraction, according to the manufacturer's protocol in an assay with double samples of each serum sample (Bohlooly-Y et al. 2001 ). The same assay tested in the central laboratory at the Sahlgrenska University Hospital (University of Gothenburg) showed an inter-assay variability of 4 . 7% and the intra-assay variability was 3 . 8%, and the stated detection limit was 0 . 09 ng/ml when human serum IGF1 was tested.
Immunohistochemistry and cell quantification
Coronal sections (20 mm in thickness) obtained using a freezing microtome were stored in a cryoprotectant (25% ethylene glycol plus 25% glycerine in 0 . 05 M phosphate buffer) at 22 8C before immunohistochemistry.
Immunohistochemistry was performed on free-floating 20 mm-thick sections that were pre-treated with 0 . 6% H 2 O 2 in Tris-buffered saline (TBS; 0 . 15 M NaCl; 0 . 1 M Tris-HCl (pH 7 . 5)) for 30 min to block endogenous peroxidase activity.
The DNA was denatured (Aberg et al. 2000) before incubation with mouse anti-BrdU antibody (1:400; Boehringer Mannheim). DNA denaturation was performed by incubation in 50% formamide and 2!saline-sodium citrate buffer (SSC; 1!SSC contains 0 . 3 M NaCl, 0 . 03 M sodium citrate) for 2 h at 65 8C, rinsing for 15 min in 2!SSC, incubation for 30 min in 2 M HCl at 37 8C and rinsing again for 10 min in 0 . 1 M boric acid (pH 8 . 5). Subsequently, the tissue was rinsed several times in TBS, followed by incubation for 30 min in TBS, 0 . 25% Triton X-100 and 3% normal horse serum (TBS-TS) and incubation with the primary antibody in TBS-TS overnight at 4 8C. The tissue sections were then incubated for 2 h with biotinylated horse anti-mouse IgG (1:160) secondary antibodies (Vector Laboratories, Burlingame, CA, USA) and rinsed in TBS. Finally, an avidin-biotin-peroxidase complex was applied for 1 h, followed by 5 min of peroxidase detection with 0 . 25 mg/ml diaminobenzidine, 0 . 01% H 2 O 2 and 0 . 04% NiCl.
The BrdU-positive cells were counted manually, while the volume of the granule cell layer was determined by digitalised area analysis (Aberg et al. 2000) . Briefly, area estimations were obtained by planimetry using a Lucivid device (MicroBrightField, Colchester, VT, USA) attached to a Leica microscope (Leica Microsystems GmbH, Wetzlar, Germany). In the hippocampus, the number of cells in the subgranular and granular zones was counted, and the values obtained were divided by the granule cell layer volume, thereby yielding the cell density (cells/mm 3 ). A section thickness of 20 mm was used in the dissector estimation of volume. The uppermost focal plane was omitted, and the thickness of the section was focused to avoid oversampling positive cells. For each animal, four to six sections were counted bilaterally, which was equivalent to every sixth section in the particular area. The cells were counted by one and the same person in a blinded fashion.
Western blot analysis
Total protein was extracted from heart tissue using the Tri Reagent solution (Ambion, Austin, TX, USA). For western blot, 15 mg protein was separated on 4-20% Novex Tris-Glycine gels (Invitrogen) and electrophoretically transferred to polyvinylidene difluoride membranes in a tank buffer system with Novex Tris-Glycine Transfer Buffer (Invitrogen). All membranes were blocked in 5% BSA and 0 . 1% Tween 20 in 0 . 5 mol/l TBS, (pH 7 . 5), and incubated for 120 and 30 min with primary and HRP-labelled secondary antibodies respectively. Antigen-antibody complexes were visualised by a chemiluminescence kit, Immun-Star WesternC kit (Bio-Rad Laboratories), which were subsequently detected with ChemiDoc XRSC (Bio-Rad Laboratories). The detected immunoreactivities were analysed with Image Lab Software (Bio-Rad Laboratories). The densitometry of a protein sample was always compared with that of samples within the same gel. Six different primary antibodies were used: a polyclonal rabbit antibody against IGF1 (1:200; Santa Cruz Biotechnology), a polyclonal rabbit antibody against IGF1Rb (1:200; Santa Cruz Biotechnology), a polyclonal goat antibody against mGH (1:200; Santa Cruz Biotechnology), a polyclonal rabbit antibody against bGH (Pierce Biotechnology, Rockford, IL, USA), a polyclonal rabbit antibody against GFAP (1:3000; DAKO Denmark A/S, Glostrup, Denmark) and a monoclonal mouse antibody against glyceraldehyde-3-phosphate dehydrogenase (GAPDH; Chemicon-Millipore, Billerica, MA, USA). The secondary antibodies were donkey antirabbit IgG-HRP (1:80 000; Amersham Biosciences), donkey anti-goat IgG-HRP (1:5000; Santa Cruz Biotechnology) and sheep anti-mouse IgG-HRP (1:6000; Amersham Biosciences). All antibodies were used according to the manufacturer's instructions. For each membrane, antibodies against GAPDH were run to ensure that this housekeeping protein was not different in the bGH-Tg vs Wt samples. Several of the membranes were reused after having been stripped in stripping solution (10 mM 2-mercaptoethanol, 2% SDS (w/v) and 62 . 5mM Tris-HCl (pH 6 . 7)) for 30 min, rotating in 50 8C.
RT-PCR
Total RNA was extracted from the hippocampus using the Tri Reagent solution (Ambion). cDNA was prepared from 250 ng total RNA, using conditions recommended by the supplier (High-Capacity cDNA Reverse Transcription Kit; Applied Biosystems). The quantitative real-time PCR analysis was performed using the ABI Prism 7900 Sequence Detection System (Applied Biosystems). Predesigned, TaqMan Gene Expression Assays (Applied Biosystems) were used to detect each transcript (Tables 1 and 2 ; for details, see http://www. appliedbiosystems.com). To analyse the real-time qPCR data, we used the comparative C T method, where Ct stands for threshold cycle (Bustin et al. 2009 ). All samples were analysed in duplicate. For stability comparisons of candidate reference genes, we used the NormFinder Software (http://www.mdl.dk), which for the two evaluated transcripts (Gapdh and Ppia; see Tables 1 and 2) showed that Ppia was the most stable transcript in our experimental series (data not shown; Andersen et al. 2004 , Bonefeld et al. 2008 . Ppia, which is also known as cyclophilin A, is a major cytosolic protein that possesses peptidylprolyl cis-trans isomerase activity. The presented data therefore are the CT values for each respective transcript, normalised to the CT value for Ppia, thereby representing an arbitrary linear amount of each transcript. Thus, a highly expressed transcript approximately represents high-level true expression, e.g. for the comparison of endogenous mGh and bGH.
Statistical analysis
All values were expressed as meanGS.E.M. Comparisons between groups were made using two-tailed Student's t-tests. Analysis on proteins with an already expected change of direction (as inferred by changes in mRNA) was performed by one-tailed analysis. Statistical association was tested with a correlation matrix according to Pearson, where the correlation coefficient was expressed as r. A P value !0 . 05 was considered statistically significant.
Results
General effects of local overexpression of GH in the brain
Previously, systemic overexpression of bGH, including overexpression in the pituitary, together with increased levels of circulating GH was shown to enhance body growth and alter behaviour (Soderpalm et al. 1999) . By contrast, bGH overexpression that was restricted to the CNS showed less prominent effects on the body, and it was thought that these effects were manifested mainly via mechanisms other than circulating GH (Bohlooly-Y et al. 2005b) . Still, theoretically, low levels of extrapituitary CNS-produced bGH could enter the circulation, which would then be expected to increase body growth and/or increase serum levels of IGF1. However, we did not find any differences in body weights or serum levels of IGF1 between the TG and Wt mice (Table 3 ). The total weight of the brain was not different between the 6-month-old bGh-Tg mice and the Wt mice. There was a minor increase in brain weight in the 7-month-old bGH-Tg mice, which turned out to not be statistically significant when brain weight was normalised to body weight. We observed no significant differences in total hippocampal weight between the groups. Taken together, these findings indicate that systemic growth and serum IGF1 are not affected by the GFAP-controlled bGH-Tg, neither were hippocampal nor were total brain weights.
Local overexpression of GH in the brain and hippocampal cell proliferation
Previously, systemic treatment with GH was shown to increase adult hippocampal cell proliferation and cell survival (Aberg et al. 2010 ). In the 6-month-old bGH-Tg mice, the number of BrdU-positive cells in the dentate gyrus of the hippocampus was not significantly different between the bGH-Tg mice and Wt mice, indicating that local bGH does not affect cellular proliferation (Fig. 1) . Similarly, there was no difference between the bGH-Tg and Wt groups regarding the number of remaining BrdU-positive cells in the 7-month-old mice.
Local overexpression of GH in the brain and its effects on known GH-induced transcripts
As local GFAP-induced overexpression of bGH in the brain had only a modest effect on total brain weight and cell proliferation, we used qPCR analysis of transcripts to determine the presence of other effects that have been previously attributed to systemic GH. In addition, we analysed components of the local GH-IGF1 system. The transcripts were categorised as follows: 1) neuron-or synapse-associated transcripts; 2) glia-associated transcripts and 3) transcripts that are components of the local GH-IGF1 system (see also  Tables 1 and 2 for references). Furthermore, as there were no significant differences in transcript levels between day 1 (i.e. 6 months of age) and day 30 (i.e. 7 months of age) after BrdU injection (data not shown), in either the TG or the Wt group, we pooled the transcript data from the two time-points to increase statistical power (bGH-Tg and Wt respectively). Regarding the local GH-IGF1 system, there were no significant differences in the levels of Ghr and Igf1r expression between the bGH-Tg and the Wt mice (Fig. 2) . However, the level of Igf1 mRNA was 30% higher in the bGH-Tg mice than in the Wt mice (Fig. 2) . We also analysed the mRNA levels for hippocampal endogenous mGh and bGH. As expected, the expression of mGH was 91% lower in the bGH-Tg mice compared with the Wt mice. The bGH-Tg mice showed high expression of bGh mRNA, which confirms that the transgene was robustly transcribed. The amount of bGh mRNA in the bGH-Tg mice exceeded by 38-fold the amount of endogenous mGH in the Wt mice. To further analyse whether the transcripts in the GH-IGF1 system actually gave rise to changed net protein levels, we performed densitometry of western blots. These experiments revealed that hippocampal IGF1 protein was not changed other than marginally (C9%, NS) comparing bGH-Tg and Wt (Fig. 3) . Neither was IGF1R changed (C33%, NS) comparing bGH-Tg and Wt. Unexpectedly, mGH protein was not decreased (C5%, NS), while bGH protein was expectedly increased by 66% comparing bGH-Tg and Wt. As can be observed from the western blot panel, bGH protein immunoreactivity was unexpectedly present in the Wt mice (Fig. 3, lower panel) , probably representing that the antibody also recognised mGH to a certain degree (see Discussion).
Next, we analysed four transcripts that are primarily related to neuronal functions previously known to be regulated by systemic GH: Dor, Nr2a, Sapap2 and Hbb (Tables 1  and 2 , Fig. 4 ). Comparing the Wt and bGH-Tg animals, we found that local overexpression of bGH did not affect the expression levels of these previously known systemically GH-induced transcripts.
Finally, as bGH was expressed under the control of the GFAP promoter, which is expressed in glial cells, we hypothesised that bGH might affect the transcripts found in astrocytes (or oligodendrocytes). Therefore, we analysed three glia-related transcripts: Cnp, Gs and Gfap (Tables 1 and 2 , Fig. 5 ). However, only Gfap showed a significantly higher expression level (26% higher) in the TG group, while there were no significant differences in the levels of Cnp or Gs mRNA. As Gfap mRNA levels were increased in bGH-Tg animals, we also quantified GFAP protein in western blots (Fig. 3) . This analysis showed that GFAP was not statistically increased (C4 . 2% in both the 6-and 7-month animals, NS).
Relationship between specific transcript expression and activities of the GH-IGF1 system
The local expression of bGH under the control of the GFAP promoter weakly affected local IGF1 expression and GFAP abundance and had no effects on cellular proliferation, cell survival or the expression of five other known GH-regulated genes. We hypothesised that other local components of the GH-IGF1 system might be more important in terms of modulating these transcripts. To address this question, we performed correlation analysis with respect to possible interactions between the specific transcripts and the local GH-IGF1 system (Table 4 ). With the exceptions of endogenous mGh, which was suppressed in the bGH-Tg group, and bGH (found only in the bGH group), the correlation patterns were similar in the Wt and bGH-Tg groups at both time points (data not shown). Therefore, the datasets were pooled (as earlier). 
Figure 2 Levels of transcripts involved in the GH/IGF1 axis, analysed by qPCR, in the hippocampal samples from mice pooled from 6 and 7 months (Wt, nZ11 and bGH-Tg, nZ12). All transcript levels are normalised to the level of PPIA transcripts, the levels are therefore quantitative arbitrary. Data are presented as meanGS.E.M.
*P!0 . 05. and bGH-Tg, nZ12). All protein levels are normalised to the level of short-term Wt (6 months old). Representative panels of the western blots are shown. The estimated molecular weights were 7 kDa for IGF1, 98 kDa for IGF1R, 18 and 22 kDa for mGH, 18 and 22 kDa for bGH, 55 kDa for GFAP and 44 kDa for GAPDH. Both bands of the western blots of mGH were used for densitometry while only the 22 kDa band was used for densitometry in western blots of bGH (see Discussion). Data are presented as meanGS.E.M. **P!0 . 01.
M WALSER and others . Local overexpression of GH
We uncovered three types of associations. First, we observed a series of statistically significant correlations between the Igf1r and Nr2a, Sapap2, Gs and Gfap and a near-significant association to Dor (Table 4) . Secondly, it is noteworthy that there were no significant correlations between Ghr and any of the specific transcripts. However, there could still be some possibility that local endogenous GH could have a role as we observed that Ghr expression correlated highly with the local expression of Igf1 (see Discussion). In addition, Ghr expression in the 6-month-old bGH-Tg mice was positively correlated with circulating levels of serum IGF1 (rZ0 . 844, PZ0 . 035) while data on the serum levels of IGF1 were not available for the 7-month-old bGHTg mice. Thirdly, bGH expression was negatively correlated with Ghr expression in the bGH-Tg mice. It is noteworthy that this association was not found for the Wt mice regarding mGH and Ghr, which could indicate a local negative feedback in response to high local concentrations of bGH.
In summary, it appears that neither local bGH nor mGH is directly associated with the expression of previously known, systemically administered GH-induced transcripts, whereas IGF1R is robustly correlated with most of these transcripts.
Discussion
The primary objective of this study was to investigate whether local CNS-driven overexpression of bGH induces effects previously found to be exerted by circulating GH in the hippocampus. Surprisingly, we found that local bGH overexpression did not influence cell proliferation. While BrdU-positive cells are usually used as a measure of cellular proliferation, they are also used to assess cell survival, provided two known time points after the BrdU injections (Kempermann et al. 2004) . Therefore, as the proportion of surviving cells did not increase in bGH-Tg vs Wt animals 30 days compared with 1 day after the last BrdU injection, we conclude that cell survival was not affected. Although bGH-Tg modestly increased the expression of hippocampal IGF1, it did not affect the levels of other transcripts known to be induced by circulating GH with the exception of GFAP. In summary, the GFAP-driven overexpression of bGH affected the adult hippocampus to a limited degree, contrary to the primary hypothesis of the project (Fig. 6) . In the secondary analysis, however, the robust association between Igf1r and several of the analysed transcripts, such as Nr2a, Sapap2, Gs, Gfap and Dor, indicates an important role of the local GH-IGF1 system.
Why is the effect of bGH overexpression modest in the hippocampus?
The fact that Igf1 mRNA was only increased by 30% indicates that bGH is a weak activator of local IGF1 signalling. The modest effects of bGH-Tg in our study is surprising considering that local overexpression of bGH in the CNS has previously been shown to modify cardiac function (Bohlooly-Y et al. 2005a ) and eating behaviour (Bohlooly-Y et al. 2005b) . Although changes in hypothalamic gene expression were observed, the authors also speculated that there was a change in sympathetic outflow, possibly in conjunction with an increase in serum corticosterone (Bohlooly-Y et al. 2001) and serum leptin (Bohlooly-Y et al. 2005b) . In these studies, there was an endocrine leakage of bGH with a slight increase in circulating bGH levels (Bohlooly-Y et al. 2001) , which led to a progressive increase in body weight to a total of 21-27% comparing postnatal days 30 and 130 (Bohlooly-Y et al. 2005b) . To minimise the endocrine effects of bGH overexpression, we used an alternative founder line with less robust overexpression of bGH that did not affect the serum IGF1 levels or body weights (see Materials and Methods and Table 3 ). Accordingly, our founder line of bGH-Tg should have addressed whether brain GH affects the brain locally (with minimal secondary endocrine bGH). A mechanism that could account for the modest effects of bGH-Tg is the so-called bell-shaped dose response. The net effect of GH then becomes negative at high concentrations of GH (Lyuh et al. 2007 , Aberg et al. 2009 ). This phenomenon occurs when excessive concentrations of GH homo-dimerise, thereby preventing binding to the GHR. However, the fact that western blot experiments showed that bGH was not increased excessively (only C66%, Fig. 3 ) in bGH-Tg mice contradicts the presence of the negative part of bell-shaped dose response. On the other hand, the local microenvironment could allow cell-specific high GH concentrations causing such a phenomenon.
Most previous studies have shown that exogenous GH expression or treatment, regardless of species differences, causes profound growth effects (Groesbeck & Parlow 1987 , Soderpalm et al. 1999 , Bohlooly-Y et al. 2001 . Therefore, we believe that the central effects of bGH-Tg in terms of altered cardiac function and metabolism (Bohlooly-Y et al. 2005a ) are confined to brain regions other than the hippocampus and that the previously reported hippocampus-specific effects of systemic GH are weakly affected by local bGH-Tg.
Cell-type-specific local GHR and IGF1R circuits in the hippocampus?
Cell-specific differences in Ghr expression could account for the weak effects of bGH-Tg. Indeed, GHR isoforms exist, both in human brains and in rat brains (Lai et al. 1993) , which may mediate different functions in the CNS and periphery (Nyberg 2000) . Furthermore, it cannot be excluded that although bGH is properly transcribed, the levels of final bioactive bGH peptide could be much lower. However, the latter is unlikely, as bGH overexpression caused downregulation of endogenous mGH and as the existence of bGH protein was shown. It should, however, be pointed out that, although the existence of bGH protein was shown, precise quantification is difficult due to antibody cross-reactivity (Fig. 3) . The antibody against mGH detected an 18 kDa band robustly and a 22 kDa band weakly, and the antibody against bGH detected the 18 kDa weakly and the 22 kDa robustly. As the antibody against bGH detected the 22 kDa relatively best, this band was the one analysed in the densitometries. It is also likely that the antibody against mGH also detected some bGH, as otherwise mGH would probably have been lower in the bGH-Tg group (as inferred from the mRNA levels).
There is also the possibility of cell-specific expression of IGF1R. As bGH was expressed under the control of the GFAP promoter, it may be that primarily the IGF1R in astrocytes was activated. Indeed, the fact that bGH-Tg increased mRNAs of Gfap (C26%) and Igf1 (C30%) indicates an effect localised to glial cells. Although IGF1 total protein in the hippocampus (stemming from both local and circulating IGF1) was not increased, astroglial IGF1 protein may have been increased, causing the observed increase in GFAP. Although our investigation was targeting adult effects of local GH, it has to be kept in mind that the bGH-Tg came into effect in the early postnatal life when GFAP started to become expressed. As previous TG models that either increase or decrease GH signalling affect astrocyte numbers (Turnley et al. 2002 , Ransome et al. 2004 , at least in the cerebral cortex, it is plausible that astrocyte numbers may have slowly accumulated during the development. Such a slow accumulation may not have been detected in our assays of proliferating cells. However, as GFAP protein did not increase (C4 . 2% in both the 6-and 7-month animals, Fig. 3) , it is not plausible that astrocyte numbers would have increased by more than that amount.
The increase in Igf1 mRNA in the bGH-Tg mice could be due to an autocrine or intracrine function of bGH-Tg acting on the astrocytes to increase the synthesis of local IGF1. However, the effect on glial cells of GH overexpression does not appear to be sufficient to influence the expression of other transcripts. Either the increase of IGF1 was too low and/or the IGF1 did not enter other cell types, such as neurons, in the vicinity of the GFAP-associated (astroglial) cells. This is in line with the findings that NR2A and SAPAP2 are mainly located in neurons and that their transcripts are not affected by bGHTg. Therefore, the endogenous two-to four-fold regulation of local GH and IGF1 in the brain caused by age, sex and stress (Donahue et al. 2006 ) may act differently than in our investigation. Also, it may be that bGH-Tg may respond differently to a physiological stimulus than just comparing bGH-Tg and Wt with no stimulus.
Numerous studies have confirmed that astrocytes are a target for circulating IGF1 (for review, see Fernandez et al. (2007) ). Moreover, astroglial cells appear to express an IGF1R similar to that found in peripheral cells (Baron-Van Evercooren et al. 1991) . Interestingly, these receptors differ from the IGF1Rs found in neurons, which have distinct glycosylated residues, as evidenced by in vitro studies (Burgess et al. 1987) . While the astroglial IGF1R is concentrated in the glial end-feet covering the brain vessels, the neuronal IGF1R is found both pre-and post-synaptically (Garcia-Segura et al. 1997) . It has also been suggested that IGF1 elicits in astrocytes a functionally distinct response that is both anti-apoptotic and neuroprotective, while neurons respond to IGF1 by increasing synaptic plasticity and neuritic outgrowth (D'Ercole & Ye 2008) . If IGF1R is the final mediator of both local and endocrine GH, this may explain why astroglial transcripts and not neuronal transcripts were affected by bGH-Tg in this study.
The role of IGF1R for endocrine and local GH actions?
The local circuits for GH-IGF1 signalling may depend on endocrine or local GH (see also Fig. 6 ). In both cases, Figure 6 Graphical summarising of the hypothesis, major results and the possible options compatible with the results. Top: the investigation tested the hypothesis that local overexpression of bGH would elicit a response in a number of previously known effectors of circulating GH. Middle: the major result was that bGH only elicited a very limited response, and there may be several options that may explain this (see Discussion). Below: the relatively high correlation between IGF1R and many of the previously known GH-induced transcripts are still compatible with an endogenous activation stemming from either local or circulating GH (see Discussion for how this could be acting).
IGF1R may mediate the final effect. Indeed, our results demonstrate that previously identified GH-induced transcripts, such as Nr2a, Sapap2, Gs and Gfap, have strong correlations with Igf1r and that there is also a strong correlation between Ghr and Igf1. This indicates that local IGF1 and IGF1R are limiting factors for promoting these GH-induced transcripts. Our results could imply that circulating or local GH acts via local or endocrine IGF1/IGF1R and to a lesser extent by direct stimulation of the brain GHR. However, the lack of association between mGH and GHR does not exclude that local GH has a less prominent effect that is difficult to discriminate from the effect of local IGF1. First, local GH may act without necessarily affecting the levels of GHR. Secondly, high-level overexpression of bGH appears to downregulate GHR (Table 4) . Thirdly, the finding that hippocampal GHR and IGF1 are associated (rZ0 . 54, Table 4 ) indicates a dependence of IGF1 on GHR and provides indirect evidence of local GHR-IGF1 signalling. For example, it is known that systemic GH treatment induces an increase in the expression of the hippocampal mRNA for NR2A (Le Greves et al. 2002 Greves et al. , 2005 , an effect likely mediated via either circulating or local IGF1. Finally, the robust association observed between serum IGF1 and local hippocampal GHR (rZ0 . 844) underlines that local GH and circulating IGF1 signalling are linked.
Conclusions
The results of this study indicate that local GH overexpression in astrocytes does not influence cellular proliferation or neuronal transcripts and has only a modest effect on astroglial transcripts. However, the transcripts are strongly associated with hippocampal IGF1R. Therefore, although bGH produced in astrocytes exerted a limited effect, there is still a possibility that endocrine or local endogenous GH exerts its effects by circulating IGF1 or by activating local IGF1 in the brain. In either case, the signalling occurs via the hippocampal IGF1R. However, that the results are also compatible with local GH is of less importance than endocrine GH. The exact nature of regulation, especially with regard to cell type-specific regulation, needs further investigation.
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